Magnetic bearings are capable of suspending shafts rotating at high speed without mechanical contact or lubrication, providing advantages and opportunities in industrial and medical applications. A formidable control problem is presented by their fast, interactive and unstable multivariable dynamics. This paper provides a method for designing a sliding mode controller with outer-loop integration for magnetic bearings with experimental evaluation. The experimental apparatus was modeled using parameter estimation. Experimental testing verified the tuning goal and showed that the sliding mode controllers performed better in disturbance rejection than the PD controller and are comparable to an optimal nominal controller. The work highlights conditions for controller selection.
Introduction
Active Magnetic Bearings (AMB) can levitate a shaft and allow it to rotate without contact. Therefore, compared to conventional bearings, lower rotating friction losses and active vibration damping from shaft imbalances are possible. One current application of magnetic bearings are remote natural gas compressors where higher rotating speeds result in higher efficiency and reduced maintenance requirements make them ideal.
A magnetic bearing typically consists of a magnetic actuator and a corresponding position sensor located near the actuator. The horizontally opposed pair of horseshoe magnets attracts the shaft to the right by adding i , to the bias current in the right magnet, io, while reducing the bias current in the left magnet by i,. In an analogous way the shaft can be attracted in the left and vertical directions. The contact-free position sensors measure the horizontal and vertical gap width. The attractive force of the magnets is inversely proportional to the gap width squared resulting in an unstable p1ant.A controller levitates the shaft by modifying the current in the electromagnets depending on the position measurements. Magnetic bearings require a solution to a difficult control problem due to their Proportional, Integral and Derivative (PID) controllers were the first to successfully levitate a shaft Humphris et a1 (1986) More complex MIMO control systems have been implemented to achieve greater robustness. A gain scheduled H , controller was used in Matsurma et a1 (1996) as well as in Svrioglu and Nonami (1998) using the linear parameter varying approach.
Sliding mode control (SLMC) (Pieper and Surgenor, 1993, and DeCarlo et al, 1996) theoretically features excellent robustness properties in the face of parametric uncertainty making it attractive for magnetic bearings.
A sliding mode controller was shown to be superior to a PID controller in Tian and Nonami (1996) for magnetic bearings.
Here, a discrete sliding mode controller (DSMC) has been designed and tested for an AMB apparatus particularily for stability robustness with respect to model uncertainty. The DSMC was chosen for its robustness with the primary objective of reducing shaft touchdowns along with reduced position variance due to disturbances.
Physical principle models for magnetic bearings have been developed in Magnetic Moments (1997) and Tian and Nonami (1996) . Complete models of the flexible, rotating shaft are presented in Matsurma et a1 (1996) and Svrioglu and Nonami (1998). The authors were unable to find any published material that does not use a model based on physical principles to design a controller for magnetic bearings thus the parameter estimation method used here is novel for this application.
Experimental Apparatus
The magnetic bearing is a laboratory-scale system (Magnetic Moments, 1997) consisting of a shaft 0.27 m long weighing 0.26 kg. The apparatus operates with the same principles and characteristics as an industrial application. Active control of the apparatus uses the four displacement signals to adjust the current in each of the electromagnet pairs. There are four analog feedback compensators predesigned by the manufacturer available. At low frequencies, these compensators are approximately a proportional-derivative (PD) controller (Magnetic Moments, 1997):
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Digital Controller Implementation
The computer used to run the control algorithm was a Pentium I1 350 with 96MB RAM. An 1 / 0 board with eight analog 1 / 0 ports was used. Matlab/Simulink 5.2 was used to design and implement all the digital controllers. The Simuhnk controller dlagram was compiled to an executable using WinCon 3.0 to speed up computations.The first critical frequency of the shaft is approximately 800Hz (Magnetic Moments, 1997). A sampling rate of 5kHz was chosen which is relatively slow compared to the first critical frequency of the shaft as compared to Svrioglu and Nonami (1998).
Batch Least Squares Parameter Estimation
Since the plant is open loop unstable it is impossible to record open loop data to identify a model. Using only SISO plant input and output data, a discrete model can be estimated using methods in Ljung (1999). This parameter estimation method was extended to a multiple input, single output identification and used to identify a model of the magnetic bearing system. An output of the plant is modeled by: 
Modeling Results
Noise was added to the horizontal left end of the nonrotating shaft which was levitated using the analog PD compensators. The two outputs (left and right horizontal) were recorded. The test was repeated at the right horizontal axis and on each end of the vertical axes. The data was collected for several seconds and a window of the data was used for the model identification after removing the D.C. component. A horizontal model was identified along with a separate vertical model. This assumes that there is no coupling between the axes. In each case, a two input, two output model was produced. Only the horizontal model is discussed here. To calculate the models, Eq. ( 6 ) was used to identify 2 subsystems:
The estimation was performed with n = 8, m = 7 and d = 1 over k,, = 6000 data samples. The poles of the identified subsystems given by the roots of the identified polynomials A1 (q-') and A 2 ( q -l ) were found to be almost identical which is to be expected since the apparatus was constructed symmetrically. The largest difference in the frequency of the poles of A1 ( q -l ) and A 2 (q-') was 3.0% of the frequency of the average pole. The largest difference in the damping was 5.9% for the resonant poles. The roots of A1 ( q -l ) and A 2 (q-') were arithmetically averaged to produce a polynomial A3 ( q -l ) . Eqs. (7) and (8) were rewritten as Eqs. (9) and (10).
These equations were combined and rewritten in state space form as:
where:
x h , k -states at time step k 
Model Resonant Mode Refinement
It was found that the resonant peaks in the identified model were more heavily damped than the experimental apparatus by observation. The model was modified by moving the resonant poles closer to the unit circle to effectively decrease the damping of the resonance as shown in Fig. 1 . This is consistent with biased estimates as discussed in Ljung (1999) . More details of the modification can be found in Edmonds (1999). 
Linear Quadratic Controller
For comparison with DSMC, two LQG controllers (one for the horizontal axis and one for the vertical axis) were designed using the identified models. The control for the horizontal axis is U h , k = K h ? h , k which attempts to minimize the cost function, J , chosen:
The design parameter, q, determines weighting between cost function.
Discrete

Control Law
The DSMC law for The switching control forces the states of the plant onto the sliding surface defined by C and the equivalent control moves the states along the surface towards the origin. The DSMC takes into account the sampling rate contrasting continuous time sliding mode control. This was important here since the sampling rate is slow relative to the shaft first critical frequency. Pieper and Surgenor (1993) details a sliding surface design method for optimality. A DSMC (Furuta, 1990 and Pieper and Surgenor, 1993) requires current state estimates, ? k , to produce U k . The Kalman filter uses current outputs, y k , and U k , to produce i k . The Kalman filter and the DSMC cannot be connected in their present form since i k , depends on U k , while 'Ilk depends on ? h , k . To remove the algebraic loop, a delay is inserted into the 660 signal flow as shown in Fig. 2 . The control action, U k , is delayed one sample interval before it is sent to the plant and the Kalman filter.
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I J inputs and both models. The tuning of the controllers was done by choosing E = 0.005 and 4 = 0.01 followed by the cost function parameters q and T . It was found that a stable closed loop system was more easily tuned with lower 4. A value of q between 50 and 500 with T set to 50 was found to produce good results.
Proport ional-Integral Control
A PI controller was added to the DSMC to improve the closed loop reference tracking performance similar to DeSantis (1989) . The reference inputs and the PI controllers were connected as shown in Fig. 2 for each of the horizontal and vertical controllers. A separate PI controller was implemented for each output and was tuned to produce an approximate first order reference step response with a time constant of 15ms using the Lambda t,uning method (Astron and Hagglund, 1995). 
Axis
To model the delayed control action, two new states, Zh, were added to the model:
The controller and estimator based on this new model can be connected as shown in Fig. 2 . The Kalman filter was designed using the original model. The control action was delayed by one sample before it enters the K h a n filter so the results of the estimator were identical to designing an estimator using the model given by Eq. (19) with no delay at the estimator input. The estimated states along with the delayed control signals provide the states for the model in Eq. (19).
Controller Synthesis
The control law in Sec. 5.1 was implemented for both of the plant inputs for both axes. The design parameters q and r were chosen and the sliding surface matrix C was calculated for each axis using the parameter estimated models modified to Eq. (19). The DSMC law in Eqs.
(14) - (17) is for a single control so for each axis the controller was partitioned into separate inputs for computing the sliding surface distance measure, s = Cx.
The model input matrices, rh and rV, were each partitioned into two column vectors so that the control law in Eqs. (14) -(17) could be implemented for both plant The LQG, DSMC-PI and DSMC-PI with switched surface controllers were tested with different sets of tuning parameters. The test results were compared with the analog PD controller to evaluate the performance of the different controlled systems and verify the tuning goals. The main requirement of the system is that it levitate the shaft without touching the housing.
Shaft Taps
The shaft was tapped with a metal pendulum near the left end in approximately a horizontal direction. The pendulum was drawn back to a k e d position on each tap by a jig to keep the taps consistent. Each controller was tapped 75 times. The integration of the deviation of the inputs and outputs was calculated by taking a 0.2 sec window of data surrounding the tap time. For each test, the data leading up to the tap was averaged to find the steady state shaft position and this value was subtracted from all data in the window. The window data was calculated by summing the squared values of the scaled data over the whole window. The mean of 75 taps along with their standard deviations are presented here. The time plots of the tap response shown in Figs. 3 to 5 are illustrative, not the actual data windows. The data is shown in volts with the vertical axis span constant for all plots. The time interval is 25 mS for all plots. The two horizontal control actions are shown on the left side of the sets of plots while the corresponding outputs are down the right side. Fig. 3 shows the response to a tap of a PD compensator along with the mid-range tuning of the LQG and DSMC-PI controllers.
PD Compensators:
The response of the PD compensators in Fig. 3 shows a large response at the right end of the shaft to the tap at the left end 66 1 to 50, and 100 and T set to 50 are shown in Table 4 and 
Rotating Shaft
A strip of lead weighing 240g was wrapped around the shaft approximately doubling the mass and taped onto the shaft at a position left of center. A DC motor was used to spin the shaft at about 10,000rpm using a rubber band at mid-shaft position. This friction drive pulled the shaft in an approximate horizontal direction. Data was recorded for several seconds. This process was repeated for each of the controllers. The data was scaled and the variance of a one second window is shown in Table 6 . The imbalancing mass and rotation caused some dynamic coupling between the horizontal and vertical axes due to gyroscopic effects. The results show that the DSMC-PI controllers generally had a lower variance than the PD compensators but used more control action. The LQG controllers generally had the lowest position deviations and used less control action than the DSMC-PI controllers. to the DSMC to improve the tracking performance. An LQG controller was designed for comparison with the DSMC-PI controllers. The DSMC-PI controllers had the lowest shaft deviation following an impulse disturbance although used more control action. The switched surface controller used a more aggressive control action but tended to oscillate. The PI component of the DSMC-PI controller produced accurate tracking performance. Rotating the shaft with an imbalance showed that the LQG controller generally reduced the deviation more than the DSMC-PI controllers and used less control action. Both digital controllers showed strong robustness in the presence of large disturbances. The DSMC theoretically has a greater robustness and may prove to be more robust in the presence of specific disturbances.
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